ABSTRACT: Inhaled nitric oxide (iNO) enhances ventilation in very preterm infants, but the effects on the brain remain uncertain. We evaluated the impact of iNO on brain growth and cerebral injury in a premature baboon model. Baboons were delivered at 125 d of gestation (term 185 d of gestation) and ventilated for 14 d with either positive pressure ventilation (PPV) (n ϭ 7) or PPV ϩ iNO (n ϭ 8).
N ew ventilatory strategies are one of the most important advances contributing to the increased survival rates for premature infants over the past few decades; however, the effects of these strategies on the developing brain are not completely understood. As the increased survival rates are associated with a high rate of poor neurodevelopmental outcome (1, 2) , understanding the effects of these therapies on the developing brain is crucial.
iNO therapy improves oxygenation and reduces the need for extracorporeal membrane oxygenation in term infants (3) . However, the benefits of this therapy in preterm infants with respiratory failure are controversial. Potential short-term benefits have been demonstrated including improved arterial oxygenation, a lowering of pulmonary vascular resistance, and a reduction in the duration of mechanical ventilation (4, 5) .
Contrary to the original dogma that iNO was a specific pulmonary vasodilator without systemic effects, it now appears that iNO may have downstream effects (6) .
Studies reporting on the impact of iNO on the risk of cerebral injury in the preterm infant are conflicting. With relation to periventricular leukomalacia (PVL), iNO therapy has been reported to decrease the severity (7), but not change the incidence (8) . For intraventricular hemorrhage (IVH)/ intracranial hemorrhage (ICH), iNO has been reported to decrease the incidence of severe hemorrhages (5, 7) and to cause no change in the overall incidence (7) , no change in the severity (8) , and no change in the progression of the hemorrhage (9) . In the study of van Meurs et al. (8) , infants that were Ͻ1000 g had increased rates of severe ICH, but the timing of the occurrence of the hemorrhages, whether before commencement of iNO therapy, was not certain. iNO has also been reported to cause no change in the evolution of brain injury (10) .
In relation to later neurodevelopmental outcomes in preterm infants receiving iNO therapy, the data are also controversial with studies reporting no significant long-term effects (11) or an improved outcome at 2 y of age (12) . Because it remains contentious as to whether iNO or indeed exogenously produced NO (13, 14) is beneficial or injurious to the developing brain, further clinical and animal studies are required to establish the risk and benefits of iNO treatment.
To provide an insight into the relationships between neonatal respiratory regimens and brain development, a model has been developed in the immature baboon (Papio papio) (15) . It has already been shown that iNO therapy improves pulmonary function and modifies lung growth in this model (16) . The aim of the present study was to evaluate the effects of iNO therapy on brain growth and the pattern and severity of cerebral injury in baboons delivered at 67% of gestation, which is equivalent to approximately 26 -28 wk in terms of human development. Animals were respirated with or without iNO in neonatal intensive care for 14 d, and an extensive morphometric study of the brain was undertaken. Indices of growth and development and cerebral damage were devised and compared with gestational controls.
METHODS
Animal studies were performed at the Southwest Foundation for Biomedical Research (SFBR) in San Antonio, TX; they conformed to American Association for Accreditation of Laboratory Animal Care guidelines.
Delivery and instrumentation. Pregnant baboon dams (Papio papio) with timed gestations underwent elective hysterotomy under general anesthesia. Study animals were delivered at 125 Ϯ 2 d (term 185 d). At birth, animals were weighed, sedated, intubated, and treated with 4 mL/kg surfactant (Survanta, courtesy Ross Laboratories, Columbus, OH) before the initiation of ventilatory support.
Ventilatory management and NO replacement. The respiratory management of ventilated animals has been described in detail previously (16) . One hour after delivery, iNO was administered to the experimental groups at a level of 5 ppm with an INOVent and continued at this same level until the completion of the study at 14 d of age. To control for patent ductus arteriosus, all animals underwent surgical ductal ligation on d 6 of life regardless of whether there was previous spontaneous ductal closure (16) . The study groups were PPV with ductal ligation (PPV) (n ϭ 7); PPV with ductal ligation and nitric oxide therapy (PPV ϩ iNO) (n ϭ 8). Gestational control animals (n ϭ 7) were delivered at 140 d of gestation.
Histologic analysis. Brains were removed, weighed, immersed in 10% buffered formalin, and prepared for histologic analysis as previously described (15) . The entire brain was sectioned into 5-mm blocks in the coronal plane and the right hemisphere processed to paraffin; 10 (8-m) sections were collected from the rostral surface of each block. A section from each block was stained with hematoxylin and eosin (H&E) and assessed for gross morphologic changes. Hemorrhages were stained with Masson's trichrome (collagen), Van Gieson's stain (elastic fibers), reticulin (reticular fibers), and Perl's stain (hemosiderin). Deposition of hemosiderin suggest that the bleed had been present for 48 h or longer.
Immunohistochemistry for rabbit anti-glial fibrillary acidic protein (GFAP) (1:500, Sigma Chemical Co., St. Louis, MO) was used to identify astrocytes, rat anti-myelin basic protein (MBP) (1:100, Millipore, Billerica, MA) and biotinylated Lycopersicon esculentum (tomato) lectin (1:250; Sigma Chemical Co.) histochemistry was used to visualize macrophages/reactive microglia as previously described (15) .
All analyses were performed on all brains in the study. Qualitative and quantitative measurements were made on coded slides.
Qualitative analysis. H&E sections were assessed for hemorrhages (score: 1, present; 0, absent) and for the presence of lectin-positive reactive macrophages/microglial cells in gray and white matter.
Quantitative analysis. For each of the quantitative parameters, a mean was calculated for each animal and a mean of the means for the group.
Volumetric measurements. In H&E stained sections, the cross-sectional area of the right hemisphere from each block was assessed using a digitizing tablet (Sigma Chemical Co. Scan Pro 4, Media Cybernetics). Volumes were then estimated using the Cavalieri principle; the total volumes of white matter, deep gray matter (basal ganglia, thalamus, and hippocampus), ventricle, and cortex were also assessed in this manner (17) .
SFI. The Surface Folding Index (SFI), which gives an estimation of the expansion of the surface area relative to volume, was determined from H&E-stained sections (15) .
Percentage of white matter occupied by blood vessels. Point counting (18) was used to determine the density of blood vessel profiles in deep and subcortical white matter (ϫ660). A section was analyzed from each block, and a counting frame placed randomly in one region of deep and one region of subcortical white matter in each section; a mean value was calculated for each region. Assessment was performed in GFAP-immunoreactive (IR)-stained sections as blood vessel profiles are clearly delineated.
Areal density of astrocytes. GFAP-IR cells were counted (ϫ660) in randomly selected areas (0.2 mm 2 ) in each of the deep and subcortical white matter for each block, the cerebral cortex (three sites in blocks from frontal/ temporal, parietal/temporal, and occipital lobes), and the hippocampus (stratum radiatum in the CA1 region).
Areal density of oligodendrocytes. MBP-IR oligodendrocytes were counted (ϫ660) in a randomly selected area (0.2 mm 2 ) in the deep and subcortical white matter in blocks from the frontal/temporal, parietal/ temporal, and occipital lobes and a mean calculated.
Myelination. In control brains, myelination (MBP-IR) was most advanced in the internal capsule with fibers extending into the subcortical white matter; this was given a score of 3. The extent of myelination in the PD groups was scored against this standard in a section from the parietal/temporal region (0, no myelination; 1, a few myelinated fibers; 2, bundles of myelinated fibers; 3, similar extent of myelination to controls).
Perivascular cuffing in the subcortical white matter. The extent of perivascular cuffing was assessed in H&E-stained sections at each level and scored on a scale of 0 to 3 (0, not observed; 1, occasionally observed; 2, moderate degree; 3, considerable number of vessels with cuffing).
GFAP-IR radial glial fibers. Sections from the frontal/temporal, parietal/ temporal, and occipital regions were scored for the presence of radial glial fibers on a scale of 0 to 3 (0, not observed; 1, occasionally observed; 2, moderate degree; 3, considerable number of fibers).
Growth and development index. To assess cerebral development in PD animals compared with controls, a growth index was constructed including body and brain weights and SFI (17) . Data points were ranked from heaviest (22 points) to lightest (1 point) for weights and highest (22 points) to lowest (1 point) for SFI. Scores were added together and a mean calculated for each group.
Brain damage index. To assess the extent of structural alterations in PD compared with control animals, a brain index (19) was devised that included semiquantitative estimations (the extent of myelination, perivascular cuffing, and the presence of GFAP-IR radial glial fibers) and quantitative estimations (areal density of astrocytes in the subcortical and deep white matter and the cortex). Data points were ranked from the most affected (22 points) to least affected (1 point). The brain index was determined by adding the scores from each category.
Physiologic data. Physiologic data, including arterial blood gases (PaO 2 ; PaCO 2 ; pH, FiO 2 ); systolic, diastolic, and mean arterial blood pressure (MAP); and heart rate, were monitored throughout the experimental period. The maximum and minimum values were recorded every 6 h for the first 2 d and daily thereafter. The overall maximum, minimum, and flux values were calculated for each parameter over the 14-d ventilatory period.
Regression analysis. Linear regression analysis was carried out to determine whether there was a correlation between (a) physiologic variables and the brain damage index, (b) physiologic variables and quantitative parameters (astrocyte densities, volumetric measurements), and (c) quantitative parameters (astrocyte densities) and indices of brain growth and development. A probability of p Ͻ 0.05 was considered to be significant. Data analysis. The statistical significance of differences between ventilated and control groups was tested using one-way analysis of variance with post hoc analysis (Tukey's test) for histologic parameters and t tests to compare between ventilated groups for physiologic parameters; a probability of p Ͻ 0.05 was considered to be significant. Results are expressed as mean Ϯ SEM (weights and areas) and mean of means Ϯ SEM (histologic parameters).
RESULTS
The group characteristics and the clinical variables have been reported previously (16) . Briefly, the birth weights (PPV ϩ iNO 418 Ϯ 36 g, PPV 405 Ϯ 26 g), gestational age (PPV ϩ iNO 125 Ϯ 1, PPV 125 Ϯ 2 d), and male-to-female ratio (PPV ϩ iNO 7/1, PPV 5:2) for the groups were not different.
Growth and Development
Brain and body weights (Table 1) . Body and brain weights were reduced in both groups of PD animals compared with age-matched gestational controls (p Ͻ 0.001). The brain-tobody weight ratio was significantly higher (p Ͻ 0.05) in both PPV-treated and PPV ϩ iNO animals compared with controls (Table 1) .
Volumetric measurements (Table 1) . Compared with controls the total volume of the right hemisphere (p Ͻ 0.001) and the cortical (p Ͻ 0.001), white matter (p Ͻ 0.001) and deep gray matter (p Ͻ 0.01) volumes were reduced in both groups. There was no difference between groups in the ratios of white matter, cortical or deep gray matter volume/total hemispheric volume or white matter/cortical volume (p Ͼ 0.05). Although ventricular volumes were not different between groups (p Ͼ 0.05), two PPV ϩ iNO animals ( Table 3 , #1 and #2) exhibited ventriculomegaly with ventricular/hemispheric volume ratios at least 100% higher than the control mean value. These animals also had the lowest total volumes and lowest cortical and white matter volumes (data not shown).
SFI ( Table 2 ). The SFI of the cerebral hemispheres was reduced (p Ͻ 0.01) overall in PPV animals compared with controls; specifically, there were reductions in the parietal/ temporal (p Ͻ 0.01) and occipital (p Ͻ 0.05) lobes compared with controls. The total hemispheric SFI for PPV ϩ iNO animals was not reduced compared with controls (p Ͼ 0.05), although there was a reduction (p Ͻ 0.05) in the parietal/ temporal region (Table 2) .
Growth and development index. The score was lower (p Ͻ 0.001) for both PPV and PPV ϩ iNO animals compared with controls; there was no difference (p Ͼ 0.05) between PD groups (Fig. 1A) .
Cerebral Neuropathologies
Qualitative assessment. Lectin-positive activated microglia/macrophages were observed infrequently within the hemispheres, and there was no greater incidence in either ventilated groups than in controls. In 25% of animals exposed to iNO (#1, #2, Table 3 ), there was evidence of recent past bleeding ( Fig. 2A) and of organizing hematomas (Fig. 2B) within the subarachnoid space between the inferior and mid temporal gyri. These foci comprised lysed blood cells admixed with apoptotic bodies, histiocytes, macrophages (Fig.   2C ), hemosiderin deposits (Fig. 2D) , and some neutrophils. There was a fibroblastic reaction and reactivity of endothelial cells with adjacent meningeal cell hyperplasia. There were intact vessels nearby or within the area, but that there was no evidence of residual vessel wall encircling the hematoma. There was no evidence of collagen deposition suggesting organization of between 7 and 14 d duration. These animals also exhibited increased ventricular/hemispheric volume ratios.
In one PPV ϩ iNO (#6) and one PPV (#4) animal, there was evidence of meningeal cell proliferation associated with a proliferation of small capillaries with a hyalinized subendothelial matrix (Fig. 2E and F) . Extravasated intact red cells were seen adjacent to this region; as there was no associated cellular reaction, their presence is difficult to interpret. The presence of a similar hyalinized matrix in animals with and without iNO therapy suggests that this finding is independent of iNO.
Quantitative assessment-Areal density of astrocytes (Table 3) . Compared with controls (Fig. 3A) , there was an increase (p Ͻ 0.05) in the overall areal density of astrocytes in the deep white matter in PPV ϩ iNO animals ( Fig. 3C) but not in PPV animals (Fig. 3B) ; no regional differences were observed. There was no overall difference in areal density of astrocytes in either ventilated group compared with controls in the subcortical white matter (p Ͼ 0.05); on a regional basis, there was an increase in the occipital lobe of PPV ϩ iNO animals (305 Ϯ 32 cells/mm 2 , control versus 443 Ϯ 26 cells/mm 2 , PPV Ϯ iNO, p Ͻ 0.01). There was no overall increase in the areal density of astrocytes in the cerebral cortex There was an increase (p Ͻ 0.05) in the density of astrocytes in the hippocampus in PPV animals ( Fig. 3E) but not in PPV ϩ iNO animals ( Fig. 3F ) compared with controls (Fig. 3D) . Areal density of oligodendrocytes (Table 3 ). There was a tendency (p Ͻ 0.09) for a decrease in the areal density of MBP-positive oligodendrocytes in PPV (137.2 Ϯ 8.8 cells/ mm 2 ) and PPV ϩ iNO (120.6 Ϯ 24.3 cells/mm 2 ) animals compared with controls (190.0 Ϯ 24.3 cells/mm 2 ). Percentage of white matter occupied by blood vessels. This was not significantly different between groups (p Ͼ 0.05) in either the subcortical (control, 1.4 Ϯ 0.2%; PPV, 1.9 Ϯ 0.3%; PPV ϩ iNO 2.2 Ϯ 0.3%) or deep white matter (control, 1.2 Ϯ 0.1%; PPV, 1.8 Ϯ 0.5%; PPV ϩ iNO 1.8 Ϯ 0.3%) regions.
Semiquantitative assessment-Radial glia. Intensely GFAP-IR fibers were present at the ventricular surface projecting into the deep white matter in all control animals. Fibers were present in the majority of animals in the ventilated groups (Table 3) . Although there was no difference in scores between groups (p Ͼ 0.05), there was a tendency for the PPV animals to have fewer fibers.
Perivascular cuffing in the deep white matter was evident in all animals; there was no difference between groups.
Myelination. In controls, myelination was present in the thalamus and posterior limb of the internal capsule (Fig. 3G) ; immunoreactive fibers were also observed in the hippocampus and white matter of the pre-and postcentral gyri. Semiquantitative assessment revealed a reduction in myelination in both PPV (p Ͻ 0.01; Fig. 3H ) and PPV ϩ iNO (p Ͻ 0.05; Fig. 3I ) animals compared with controls (Table 3) .
Brain damage index (Table 3) . There was an increase (p Ͻ 0.001) in the brain index score for both ventilated groups compared with controls (Fig. 1B) ; there was no difference (p Ͼ 0.05) between ventilated groups.
Relationship of brain injury to brain volume and physiology. Physiologic responses in these animals has been described previously (16) . There was no difference (p Ͼ 0.05) in pH, FiO 2 , PaCO 2 or MAP minimum and maximum or flux (maxi- (11) 3 (1) 0 (1) 2.0 (6) 192 (6) 411 (8) 424 (10) 212 (20) 266 ( (1) 3 (1) 0 (1) 2.3 (4) 224 (3) 485 (15) 440 (11) 85 (5) 222 (4) 47 Control 3
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DISCUSSION
Baboon infants prematurely delivered at 67% of gestation and treated by PPV with or without iNO for approximately 14 d exhibited delayed body and brain growth with subtle cerebral neuropathologies compared with gestational controls. These alterations occurred in the absence of potentiating factors such as perinatal infection or hypoxia. There was no evidence that iNO treatment resulted in a major shift of either risk or benefit in injury and/or development as there was no difference in the growth and development or brain damage indices between treatment groups. However, iNO therapy resulted in a small increase in subarachnoid hemorrhages (SAH) and increased deep white matter astrocytosis, although there was a trend toward an improvement in the SFI. We acknowledge that there are limitations in our study due to the small number of animals available for study and to the equal weighting given to all neuropathologies in the brain damage index. At this stage, it is difficult to determine which neuropathologies might be the most relevant predictors of any long-lasting deficits. Longer exposure to iNO or longer survival times after the current exposure regimen would be instructive in clarifying the outcomes associated with this therapy, but such protocols were not feasible in the present study.
There was brain sparing in both cohorts of ventilated animals as evidenced by an increased brain-to-body weight ratio. However, in absolute terms, there was a reduction in all volumetric measurements in the cerebral hemispheres compared with gestational controls; there was no difference between ventilated groups in any of these measures. The major site of pathology in the brains overall was the cerebral white matter as has been previously described in this model (15) . Semiquantitative assessment indicated a delay in the extent of myelination in both groups; this did not appear to be influenced by the presence or absence of iNO. The delay correlated with a tendency for MBP-positive oligodendrocytes to be reduced in number due to either a delay in maturation of the lineage or to oligodendrocyte death as a result of oxidative and/or nitrosative stress (20, 21) . In addition, the reduction in myelin formation could be due to reduced axonal numbers and/or to reduced axonal diameter and hence thinner myelin sheaths.
Astrogliosis also occurred to some extent in both ventilated groups compared with gestational controls; there were significant increases in astrocyte density in the deep white matter with iNO therapy and in the hippocampus without therapy. Reactive gliosis likely occurs as a response to oxidative stress as a result of cerebral hypoxemia (22) . Despite attempts to maintain respiratory stability, hypoxic episodes occurred in the baboon model as they do in the preterm human infant.
A notable finding was that organizing hematomas in the subarachnoid space were only associated with iNO therapy. SAH and IVH have been more uncommon in the premature baboon than in the human preterm infant (15), and we have not observed this extent of subarachnoid bleeding in any other series of models studied to date. The occurrence of this neuropathology might result in ongoing damage as it was associated with evidence of recent hemorrhage and hence with the potential release of iron, which could catalyze free radicalmediated brain injury. The potential for further subarachnoid fibrosis during the repair process and subsequent disruption to normal CSF circulation can be postulated if hematomas were ongoing and persistent. Indeed, the two animals with hematomas were also the animals with ventriculomegaly. No incidence of IVH was observed in any animal in any group. Thus, we conclude that iNO appeared to exacerbate disruption of the subarachnoid vasculature in some animals but did not result in an increased risk of IVH. There were no specific physiologic correlations that allow us to propose why particular animals were vulnerable to vascular damage. At this stage, we cannot explain why damage occurred in subarachnoid but not intraparenchymal vessels.
Gyrification of the cerebral hemispheres is an important index of brain development and is thought to reflect development of cerebral and subcortical connectivity (23) . Here we have shown that, although brain weight was reduced in both ventilated groups compared with controls, overall gyrification was delayed in PPV animals but not in the cohort with iNO therapy. In PPV animals, reductions were observed in all lobes except in the later developing frontal region. Our results suggest that iNO may confer a beneficial effect on the development of cortical gyrification. It is unlikely that this effect would occur via white matter protection as white matter volumes were reduced in both cohorts, and indeed deep white matter astrogliosis was marginally increased in the iNOtreated animals. Thus, the impact of iNO in protecting cortical development may be mediated by a direct neuronal effect. The application of advanced MRI may better delineate brain surface morphology and gyrification in this model (24) ; these techniques are now being used in preterm infants (25, 26) and could be applied to recent randomized trials of iNO in human preterm infants.
In conclusion, we have shown that subtle neuropathologic alterations are evident in all animals delivered prematurely and maintained with neonatal intensive care for 14 d, compared with gestational controls. Overall, iNO did not alter the extent of the damage within the cerebral parenchyma. These results do not confirm any protective effects or major injurious effects of nitric oxide therapy on the developing brain, although they are consistent with the National Institute of Child Health and Development study that hemorrhagic risk may be increased and yet there may be effects on gray matter and gyral development that may be independent.
